Objective: The ability of menisci to prevent osteoarthritis (OA) is dependent on the integrity of the complex meniscal entheses, the attachments of the menisci to the underlying subchondral bone (SB). The goal of this study was to determine mechanical and structural changes in meniscal entheses after the onset of OA. Design: Healthy and osteoarthritic meniscal entheses were evaluated for changes in histomorphological characteristics, mineralization, and mechanical properties. Glycosaminoglycans (GAG) and calcium in the insertion were evaluated with histological staining techniques. The extent of calcium deposition was assessed and tidemark (TM) integrity was quantified. Changes in the mineralized zone of the insertion were examined using micro-computed tomography (mCT) to determine bone mineral density, cortical zone thickness, and mineralization gradient. Mechanical properties of the entheses were measured using nano-indentation techniques to obtain material properties based on viscoelastic analysis. Results: GAG thickness in the calcified fibrocartilage (CFC) zone and calcium content were significantly greater in osteoarthritic anterior meniscal entheses. TM integrity was significantly decreased in OA tissue, particularly in the medial anterior (MA) enthesis. The mineralized zone of osteoarthritic meniscal entheses was significantly thicker than in healthy entheses and showed decreased bone mineral density. Fitting of mineralization data to a sigmoidal Gompertz function revealed a lower rate of increase in mineralization in osteoarthritic tissue. Analysis of viscoelastic mechanical properties revealed increased compliance in osteoarthritic tissue. Conclusions: These data suggest that significant changes occur at meniscal enthesis sites with the onset of OA. Mechanical and structural changes in meniscal entheses may contribute to meniscal extrusion, which has been shown to increase the progression of OA.
Introduction
The menisci of the knee joint aid in stability, lubrication, and load distribution, and are comprised of inhomogeneous collagen fiber layers 1 . When the knee is loaded the menisci experience high levels of compressive and shear forces at the articularing surface of the joint. The hierarchical morphology of collagen fibers in the meniscus mainbody allows for the transduction of applied compressive and shear forces into tensile hoop forces. Meniscal attachments, or entheses are graded tissue interfaces that anchor the mainbody of the meniscus to the underlying subchondral bone (SB). Each of the four meniscal enthesis in the knee joint function to diffuse tensile loads which are transmitted, via collagen fibrils, from the mainbody of the meniscus 1e7 . In order to effectively attenuate joint loads each enthesis must remain firmly rooted to the tibial plateau 8e10 . Identified enthesopathies at other tissue interfaces have revealed a variety of structural degenerations that may jeopardize enthesis functionality 7, 11, 12 . Clinically, if a meniscal enthesis is torn or avulsed, excessive transverse meniscal extrusion results 9 . Meniscal extrusion has been shown to be a precursor of secondary osteoarthritis (OA) 13, 14 . Individuals with primary OA have also presented with meniscal extrusion, indicating a progressive degeneration of the meniscal enthesis 14e16 . To date, there have been no investigations on the integrity of meniscal entheses in the arthritic knee.
Similar to other fibrocartilaginous entheses, the meniscal entheses are compositionally graded to withstand a myriad of interfacial loading mechanisms. Primarily type I collagen fibrils, extending from the mainbody of the meniscus, form a ligamentous (LI) zone which sustains longitudinal tensile forces manifested by compression on the meniscus 5, 17 . These fibers then join with type II collagen fibers forming interwoven uncalcified and calcified fibrocartilage zones (UFC and CFC, respectively), separated by a tidemark (TM) 2, 6, 18 . These proteoglycan rich zones withstand compression and shear generated by dynamic changes in fiber angle and avulsion stress shielding 7 . Lastly, the CFC zone joins the SB at an interdigitated cement line 2, 6, 18 . These four zones can vary in size at each meniscal enthesis site, presumably structurally adapting to their unique functional environment 2, 6, 18 . Coupling mechanical and magnetic resonance imaging studies typifies this as the posterior sites, known to translate more during flexion, are significantly more compliant than the anterior sites 19e21 .
Examination of joint and enthesis degeneration identifies various stimuli that may influence insertion mechanics. Regulation of inflammatory and anabolic cytokines can have detrimental effects on ECM integrity. In the OA joint increased production of aggrecanase, resulting in proteoglycan cleavage, and matrix metalloproteinase-13, causing irreversible degeneration of type II collagen, erodes the structural and mechanical efficacy of articular cartilage. The osteochondral interface also exhibits demonstrable changes in mineralization state and integrity, dependent upon disease progression 22, 23 . Similarly, ligament and tendon pathophysiology at various insertion sites in the body exhibit ECM disruption, TM breakdown, micro-fissures, and osteophyte formation which impact structural organization and functionality 7 . Assimilating these findings gives rise to the supposition that the meniscus-to-bone interface is a potential disease-forming pathway, possibly preceding or catalyzing other harbingers of degradation.
In this study we examined meniscal entheses from normal and osteoarthritic knees for changes in histomorphometry, mineralization, and mechanical properties. Our hypothesis was that osteoarthritic entheses would exhibit deleterious effects similar to those observed at degenerative tissue interfaces in other articulating joints. These pathologies include breakdown of the TM; clefts and micro-fissures; osteophyte formation; calcium deposition and increased GAG content in the soft-tissue; and changes in mineralization. These changes would then result in degeneration of the viscoelastic properties of the entheses, thereby contributing to meniscal extrusion.
Methods

Sample preparation
Tissue samples were collected over 1 year based on several exclusion criteria. End-stage osteoarthritic tissue was obtained from patients undergoing total knee arthroplasty who signed an institutional review board approved waiver. Samples were included only if all four meniscal entheses could be identified by gross inspection. This resulted in seven total samples (n ¼ 7). Healthy tissue was obtained from the Mayo Clinic tissue donor program. Selection was based on fluoroscopic evaluation and visual inspection by an orthopedic surgeon for no apparent signs of degeneration, and a donor age of <65 years. This resulted in eight total samples (n ¼ 8, ages 41e61, average: 55). All samples were obtained with institutional review board approval.
All meniscal entheses (medial anterior (MA), lateral anterior (LA), medial posterior (MP), and lateral posterior (LP)) were excised and bisected along the main fiber axis. Adaxial (AD) sections, used for histomorphometry, were fixed in 10% neutral buffered formalin, serial dehydrated in ethanol, defatted in xylene and then embedded in methyl methacrylate (Technovit 9100 New, Heraeus Kulzer GmbH, Wehrheim, Germany). Abaxial (AB) sections, used for micro-computed tomography (mCT) and indentation, were embedded in a high viscosity acrylic resin (ClaroCit, Struers Inc., Cleveland, OH) that did not penetrate the specimen, wrapped in phosphate buffered saline soaked gauze, and stored at À20 C.
Histomorphometry
Histological sections (30 mm thick) were made using standard cutting and grinding techniques. Samples were stained with toluidine blue (TB) to identify GAGs and then counterstained using the Von Kossa (VK) technique for calcium. Changes in GAG presence in the insertion zones were quantified using Bioquant software (Bioquant Osteo 12.5, Bioquant Image Analysis Corporation, Nashville, TN) to identify the thickness of the TB stained and the TB þ VK stained regions. Each region was outlined and measurements were performed at 20 mm intervals. TM integrity was assessed quantitatively. First the TM was isolated using image processing software (Image J), upper and lower color thresholds were determined using intensity histograms and visual inspection of a subset of images. Threshold values were then kept fixed and all images were converted to a binary image, and pixel locations were stored. A custom written Matlab script (version 7.14 (R2012a), Natick MA) then determined the variance of the first derivative and the mean amplitude of the peaks/valleys, estimating TM smoothness. Calcium deposition was scored using a modified grading scale as described by Sun et al. 2010 24 . Briefly, deposits were scored on a scale of 0e4 with 0 being no calcium and 4 being large deposits within and around the fibrous insertion.
mCT
The bisected insertions were scanned in saline via mCT (Scanco mCT 80, Scanco Medical AG, Brüttisellen, Switzerland) using the following parameters: voltage: 55 kVp, current: 114 mA, integration time: 500 ms. A resolution of 18 mm was obtained, yielding approximately 250 axial slices per specimen. The area of insertion was visually determined using the original specimen and multiple scanned views as reference. Tissue mineral density measurements (mgHA/cm 3 ) across the TM were obtained using Image Processing Language (Scanco Medical AG, Brüttisellen, Switzerland). For each specimen density measurements were taken at the center of the insertion and 54 mm above and below the center line ( Fig. 1 ). Three additional measurements were taken 54 mm deeper into the initial reference plane, analogous to the tissue depth penetrated by the indenter tip (Section 2.4). A custom Matlab script was used to identify the first peak value of density measurements, which was considered to be indicative of mineralization at the TM, and the values across the TM were averaged for each specimen. The thickness of the cortical shell of each insertion was determined by calculating the number of data points over which the initial density peak occurred. Multiple measurements were taken 28 mm apart extending up and down from the center of each insertion to avoid inadvertently taking measurements through only trabecular struts or voids. The number of measurements for each insertion varied from 6 to 18 depending on the size of the insertion. A custom Matlab script was used to average the lengths of the initial peak of density measurements to quantify the cortical thickness of each insertion. Additionally, the rate of increase in mineral density at the soft-tissue to bone interface was examined. For each sample the mineralization measurements from the initial point of mineralization until the peak mineral density were fit to a sigmoidal Gompertz function such that:
where A is the upper asymptote (peak density), B is the shift along the x-axis, and C is the mineralization gradient. The resulting coefficients were averaged for each insertion site. This specific formulation of the generalized logistic function was selected as there is a sharp increase in mineral content followed by a gradual maturation to peak mineralization.
Indentation
Indentation was accomplished using a commercial nanoindenter (MTS Nanoindenter XP) with a 300 mm spherical ruby tip. Creep testing was performed using a trapezoidal loading profile with a max load of 1-, 5-, or 10-mN depending if the indentation location was in the LI, UFC or CFC, or SB zone, respectively. Each sample had forty-five test locations selected by establishing the TM and creating three columns of fifteen rows. Column spacing was 50 mm and row spacing was 10-, 50, or 100-mm depending on the zone ( Fig. 1 ). Previous testing performed by our laboratory has shown that the entheses exhibit time-dependent material performance 20 , therefore material properties were determined based on the viscoelastic analysis of Oyen 25, 26 . For the general case of creep displacement, when time t is greater than the rise time s R , is hðtÞ ¼
where C i and s i are creep compliance coefficients and time constants, respectively. The variables a and m pertain to tip geometric factors, for the explicit case of spherical indentation with tip radius r, a ¼ 8r/3 and m ¼ 3/2. Lastly, the term _ P ¼ P max =s R refers to the rate of loading from the initial ramp phase. For all data i ¼ 2 was found to provide a quality fit to displacement-time histories. The creep compliance coefficients were utilized to compute the instantaneous ðG 0 ¼ 1=ð2ðC 0 À P n i¼1 C i ÞÞÞ and equilibrium (G N ¼ 1/ (2C 0 )) shear moduli. These properties, computed from an assumption of incompressibility were then converted to a shear modulus with a constant and compressible assumption for Poisson's ratio such that G n 0;N ¼ 2G 0;N ð1 À nÞ where n ¼ 0.3 27e29 . Shear modulus was converted to elastic modulus using E 0;N ¼ 2G n 0;N ð1 þ nÞ. Lastly, the tip diameter chosen is larger than specific zones of the attachment sites, however, the probe only penetrates so far as to produce a w50 mm contact diameter in the most compliant tissues. The very blunt tip profile was selected in order to reduce variability due to surface roughness, a potential problem with the minimally processed surface 30 . This does result in overlap between indentation sites, and potentially material zones. However, this modality was selected in order to probe if the spatially averaged gradient of material properties across the interface was altered due to OA and should be considered solely in that context and not as a definitive material property for each individual constituent.
Statistical analysis
Eight independent patients contributed to the healthy group and seven independent patients contributed to the OA group. For statistical analyses each of the four entheses for each joint examined were considered an independent sample within each group, healthy (N ¼ 8 knees) and OA (N ¼ 7 knees). This assumption was made as each enthesis is subject to a unique loading environment throughout joint motion 21 . This, presumably, drives their particular mechanical development and may pattern their degeneration 31 .
Differences in calcium deposition between groups were evaluated using a Wilcoxon rank sum test (disease state, level of significance a ¼ 0.05). Differences in TM integrity (variance of the first derivative and mean peak amplitude) and GAG thickness (UFC and CFC) were each independently evaluated between groups using a two-sample t-test with unequal sample sizes (a ¼ 0.05). Differences in the mCT derived parameters cortical shell thickness and bone mineral density were independently evaluated between groups using a two-sample t-test with unequal sample sizes (a ¼ 0.05). Additionally, the differences between individual fitting coefficients of the Gompertz function were evaluated between groups using a two-sample t-test with unequal sample sizes (a ¼ 0.05). Lastly, differences between the healthy and OA elastic moduli obtained from the indentation experiments were evaluated separately for each enthesis using two-way repeated measures analysis of variance (location, disease state, a ¼ 0.05) and Fisher's least significant difference post hoc test. All statistical analyses were performed using Minitab statistical software (Minitab 16, Minitab Inc., State College, PA). All data are expressed as means with 95% confidence interval (lower limit, upper limit).
Results
Histomorphometry GAG thickness in the UFC regions were not significantly different between healthy and OA tissue. However, there was an increase in GAG thickness in the CFC regions. Specifically, there was significantly more thickness in the LA (P ¼ 0.027), MA (P ¼ 0.028), and MP entheses (P ¼ 0.002) (Table I) . TM organization was significantly reduced in osteoarthritic tissue, as evident from the appearance of repeated TMs, osteophytes, and micro-fissures [ Fig. 2 
This was most apparent in MA enthesis as indicated by the increase in the variance of the first derivative (P ¼ 0.028) and mean peak amplitude (P ¼ 0.029) (Table I) . Lastly, there was a significant amount of calcium deposition in both the medial (P ¼ 0.037) and lateral (P ¼ 0.002) anterior entheses (Table I, Fig. 2 ).
mCT
Meniscal insertions in patients with end-stage OA had significantly thicker zones of mineralization (740.09 mm, 662.28, 817.89) relative to healthy tissue (401.37 mm, 371.11, 431.30) (P < 0.0001).
Bone mineral density was significantly lower for osteoarthritic samples (936.25 mgHA/cm 3 , 897.93, 974.58) compared to healthy (1023.63 mgHA/cm 3 , 999.89, 1047.38) (P ¼ 0.0004). When comparisons were made between healthy and osteoarthritic samples at specific entheses several relative differences were found. Thickness of the mineralized zone at all four locations of osteoarthritic insertions was significantly larger relative to respective healthy insertions (LA: P ¼ 0.0041, LP: P ¼ 0.0017, MA: P ¼ 0.0047, MP: P < 0.0001) (Table II) . Additionally, when compared to healthy samples the bone mineral density of osteoarthritic insertions was significantly lower for LA, (P ¼ 0.012), MA (P ¼ 0.012), and medial posterior insertions (P ¼ 0.28) when compared to the respective healthy samples (Table II) . The sigmoidal function used to describe mineral density as a function of position provided a good fit to the data as it failed to reject the null hypothesis that the mean of the standard variance is zero (Fig. 3) . Although there were no statistical differences, in general the rate of increase in mineralization was lower for arthritic tissue, as indicated by the C coefficient (Table III) . The LA exhibited the greatest discrepancy in mineralization rate between healthy and OA tissue (Table III) . Table I Histomorphometry results. There was a significant amount of calcium deposition in both anterior entheses. The TM was significantly less organized in the arthritic MA enthesis. GAG thickness was significantly greater in arthritic LA, MA, and MP entheses. * e represents significant difference (P < 0.05) between healthy and OA tissue for a specific enthesis. Mean (95% CI lower limit, upper limit) ( elastic moduli in osteoarthritic tissue ( Figs. 4 and 5) . Specifically, the LA (P ¼ 0.0008) and MA (P < 0.0001) entheses were most affected by OA. Furthermore this degeneration appeared to be primarily localized to the fibrocartilaginous zones ( Figs. 4 and 5 ). In the LA this was solely in the mineralized tissue, wherein the instantaneous and equilibrium elastic modulus were decreased by half. For the MA there was an even greater discrepancy, as the instantaneous elastic moduli was up to three times higher in healthy tissue for both mineralized and unmineralized regions ( Fig. 4 ). For the equilibrium modulus the relative difference between tissues was the same, however it was only for the mineralized tissue (Fig. 5 ).
Indentation
Mechanical evaluation of viscoelastic properties of the entheses revealed a significant decrease in instantaneous and equilibrium
Discussion
To our knowledge this is the first study to examine pathophysiology of the meniscal entheses. Qualitatively, the entheses exhibited morphological changes including a breakdown of TM organization, double TM formation, clefts and microcracks/fissures, osteophytes, and calcium deposition within the soft-tissue, all of which disrupt functional homeostasis. Quantitatively, the arthritic tissue was found to have significant increases in GAG thickness in the mineralized fibrocartilage, cortical shell thickness, peak and mineral density and mineralization gradient, and mechanical compliance. As there is limited data specifically on the meniscal entheses these findings must be considered in the context of other enthesopathies.
Histologic examination of patients with patellar tendinosis reveals an accruement of GAGs at the tissue interface 32 . Similarly, internal obturator tendons removed from osteoarthritic hip joints have significantly more GAGs as well as calcium deposits 33 . These findings implicate swelling of the enthesis that may be an adaptation to increased loading, however this would also result in disruption of the fibrous matrix and effective load transmission. Calcium deposition also plays an integral role in OA pathology as mineral aggregation has been shown in the articular cartilage, meniscus, and synovial fluid 24, 33, 34 . In our study calcium deposits were observed within the LI zone, potentially disrupting fiber organization and undermining mechanical efficacy. The presence of such deposits is also linked with stimulation of inflammatory and catabolic responses in articular cartilage, thereby contributing to intrinsic degradation 34 .
TM integrity is also thought to be crucial for maintaining enthesis functionality 35e37 . Previous evaluation of TM integrity has remained strictly qualitative; however, the metrics introduced here facilitated quantitative comparisons between healthy and arthritic tissue at each enthesis. In general, OA entheses exhibited higher variance and mean amplitude, suggesting a less organized TM. Specifically, the MA had a significantly greater amount of disorganization, potentially leading to detrimental bone formation extending into the soft-tissue including to osteophyte formation 11, 12 . These enthesophytes, distinct from the calcium deposits, commonly appear in the Achilles tendon in athletes. However their direct ramifications are unclear as patients can be asymptomatic 7 . In articular cartilage, osteophyte detection is associated with disruption of the adjacent articulating surfaces thereby exacerbating adverse joint mechanics 38 .
Changes in the TM and osteophyte detection are frequently indicative of accompanying bone related OA pathogeneses including thickening of the periarticular bone 23 . The mCT analyses performed reveals similar changes in the cortical shell, inclusive of both the CFC and the SB. Osteoarthritic meniscal entheses demonstrated a significant increase in thickness of the cortical shell relative to healthy insertions. This increase in thickness may occur as a result of increased stresses in the region due to load bearing and a decrease in overall bone mass 39 . Changes in cortical thickness have been known to alter cartilage mechanics and cortical shell thickening may similarly result in altered mechanics of the entheses 23 . It is difficult to assess whether or not the progression of OA results in ultimate thickening of the cortical shell because the initiation point of disease in the tested specimens is unknown. It has been suggested that if OA was initiated as a result of trauma the cortical thickening may be a response of the enthesis to meniscal damage 40 . Furthermore, thickening of the cortical shell occurs simultaneously with a decrease in average bone mineral density 41 . Overall bone mineral density has been shown to decrease as the rate of bone remodeling increases leading to incomplete mineralization 38 . Similarly, there was a significant decrease in mineral density in osteoarthritic samples.
The gradation of mineral content when traversing the TM is of particular interest as it has been shown to influence enthesis mechanics 42, 43 . Existing literature suggests a linear increase in mineral content; however, this would appear an oversimplification as the mineralization appears nonlinear during its growth and asymptotic at its extremes 43 . We instead chose a sigmoidal function that could account for no mineralization in the soft-tissue and the nonlinear growth and gradual maturation of mineral density once deep enough into the calcified tissue. There are trending differences in fitting coefficients between attachment sites and healthy and OA tissue. The B & C coefficients of the sigmoidal function are indicative of a more gradual start to mineralization and progressive increase in mineral density, respectively. Between healthy attachment sites it is evident that the MA enthesis begins to mineralize sooner however the rate of mineralization is more gradual across the interface. The early initial mineralization of the MA enthesis may be attributable to the thinner cortical zone of the insertion 2,6 . OA appears to slightly Table II mCT results. The cortical thickness was significantly greater in arthritic LA, LP, MA, and MP entheses. Bone mineral density decreased in arthritic LA, MA, and MP entheses. * e represents significant difference (P < 0.05) between healthy and OA tissue for a specific enthesis. Mean (95% CI lower limit, upper limit). ( decrease the rate of mineralization across the interface, particularly in the LA enthesis. This could have profound effects on stress dissipation across the enthesis as, above a particular percolation threshold, mineralization dictates fiber stiffening 42 .
To examine if the morphological and mineralization structural pathologies influence enthesis functionality, a nanoindenter was used to map the viscoelastic material properties across the interface. This modality facilitated testing physiologically relevant loading mechanisms as the FC zones are believed to be predominantly subjected to compression and shearing in that they serve as a stretching-brake 11 . Therefore it is likely imperative to preserve FC functionality in order to maintain meniscus mechanics. Importantly, the OA entheses were significantly more compliant than healthy. As stated prior, changes in bone remodeling and mineralization dictate mechanics. Additionally, degeneration of hydrophilic GAG content results in a loss of resistance to compression. With the various changes exhibited it follows that there would be a demonstrable change in material properties. These changes were observed primarily in both the CFC and UFC regions. Importantly, these zones are known to be comprised of primarily type II collagen which is severely and irreversibly degraded in early and late stage OA due to an increase in matrix metalloproteinase-13 18, 44 . Additionally, the lower bone mineral density in the MA enthesis correlates with the increased compliance.
Previous viscoelastic characterization of osteoarthritic articular cartilage has shown similar losses in viscoelastic properties 45 . These changes have been linked to altered GAG chains, tissue swelling, and collagen cross-linking, which correlate with increased tissue permeability 46e48 . The time-dependent behavior exhibited by cartilage is believed to be driven by both fluid-flow and matrix polymeric mechanisms 49 . Therefore, it is possible that the meniscal entheses, particularly in the fibrocartilaginous zones, exhibit a similar increase in tissue permeability that may have more pronounced effects on the instantaneous tissue response. However, it is difficult to make a definitive statement on these outcomes based on the assays performed.
One shortcoming of the nano-indentation analysis is the assumption of isotropy for clearly anisotropic tissues. However, unlike traditional uniaxial testing, indentation probe techniques are known to somewhat mute the effects of anisotropy, as the modulus derived is representative of a multi-axial measurement. Literature investigating the osteochondral interface uses similar isotropic material assumptions with the caveat that anisotropy may influence the results, however it is not known to what extent at this time 50 . For our study the focus was to leverage the use of this micro-scale technique to determine if any differences were present at discrete locations across the interface. Therefore, this data should be understood solely in the context of comparing the healthy and OA tissue. Another shortcoming of the indentation testing resides in preparation of the test specimens. It is likely some structural modification results from the processes of embedding, cutting, and sanding. Therefore our results may not be truly representative of the intact native tissue. Additionally, some protocols call for full specimen penetration with plastic resin to stabilize the tissue, however others do not 51 . We opted to not impregnate the tissue and only have an outer shell to ease sample mounting in the test frame. This was performed for fear of masking any differences that would present in the softer tissues when embedding with a stiff resin. Again, this data should be considered only in the comparative context in which it is presented.
An important consideration of this study is the use of end-stage OA tissue. While end-stage OA tissue most likely provided the most contrast with healthy tissue, it cannot be known when the initial breakdown of the enthesis occurred. However, in this initial examination of the meniscal entheses it is apparent that there are deleterious modifications to their structure and function, which may be detrimental to the function of the meniscus. In particular, the MA enthesis exhibited signs of degeneration based on several metrics. This is an intriguing pattern since current literature places emphasis on the medial posterior enthesis due to the clinical incidence of failure 9 . The work presented here however, indicates that structural changes may contribute to altered enthesis functionality. Continued examination of the meniscal entheses and their role in OA pathogenesis may provide new opportunities for arresting OA propagation. 
